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ABSTRACT
In this paper, we present a scheme to investigate the opacity of the Universe in a cosmological-model-
independent way, with the combination of current and future measurements of type Ia supernova
sample and galactic-scale strong gravitational lensing systems with SNe Ia acting as background
sources. The observational data include the current newly-compiled SNe Ia data (Pantheon sample)
and simulated sample of SNe Ia observed by the forthcoming Large Synoptic Survey Telescope (LSST)
survey, which are taken for luminosity distances (DL) possibly affected by the cosmic opacity, as well
as strongly lensed SNe Ia observed by the LSST, which are responsible for providing the observed
time-delay distance (D∆t) unaffected by the cosmic opacity. Two parameterizations, τ(z) = 2βz
and τ(z) = (1 + z)2β − 1 are adopted for the optical depth associated to the cosmic absorption.
Focusing on only one specific type of standard cosmological probe, this provides an original method
to measure cosmic opacity at high precision. Working on the simulated sample of strongly lensed
SNe Ia observed by the LSST in 10 year z-band search, our results show that, with the combination
of the current newly-compiled SNe Ia data (Pantheon sample), there is no significant deviation from
the transparency of the Universe at the current observational data level. Moreover, strongly lensed
SNe Ia in a 10 year LSST z-band search would produce more robust constraints on the validity
of cosmic transparency (at the precision of ∆β = 10−2), with a larger sample of unlensed SNe Ia
detected in future LSST survey. We have also discussed the ways in which our methodology could
be improved, with the combination of current and future available data in gravitational wave (GW)
and electromagnetic (EM) domain. Therefore, the proposed method will allow not only to check the
foundations of observational cosmology (a transparent universe), but also open the way to identify
completely new physics (non-standard physics).
Keywords: cosmology: observations - gravitational lensing: strong - supernovae
1. INTRODUCTION
The discovery of cosmic acceleration is arguably one
of the most important developments in modern cos-
mology, which is supported by the fact that type Ia
supernovae (SNe Ia) are observed to be fainter than
expected in a decelerating universe (Riess et al. 1998;
Perlmutter et al. 1999). With the inclusion of a myste-
rious component with negative pressure as a new cos-
mological component, a large number of dark energy
models have been proposed to explain the cosmic ac-
celeration (Ratra & Peebles 1988; Caldwell et al. 1998;
Cao, et al. 2011; Cao & Liang 2013; Cao & Zhu 2014;
Ma et al. 2017; Qi et al. 2018). There are, however, an-
other theoretical approaches trying to explain cosmic
acceleration by modification of gravity at cosmological
scales (Qi et al. 2017; Xu et al. 2018). On the other
hand, without introducing the new component in the
Universe, some popular theories of there had been de-
bates on the interpretation of underlying physical mech-
anism for the observed SNe Ia dimming. Some popu-
lar theories include the absorption, scattering or axion-
1 Department of Physics, Shanxi Datong University, Datong,
037009, China;
2 Department of Astronomy, Beijing Normal University,
Beijing 100875, China; caoshuo@bnu.edu.cn
3 School of physics and Electrical Engineering, Weinan
Normal University, Shanxi 714099, China;
4 Department of Physics, College of Sciences, North-
eastern University, Shenyang 110819, China; qi-
jingzhao@mail.neu.edu.cn
photon mixing due to the dust in our galaxy (Tolman
1930), and possible oscillation of photons propagating in
extragalactic magnetic fields (Aguirre 1999; Csaki et al.
2002). In this paper, we focus on the former case, in
which the deviation of photon number conservation is
related to the correction of Tolman test, equivalent to
measurements of the well-known distance-duality rela-
tion (DDR) (Etherington 1933, 2007; Cao & Liang 2011)
DL
DA
(1 + z)−2 = 1, (1)
where DL and DA are respectively the luminosity dis-
tance (LD) and the angular diameter distance (ADD) at
the same redshift z. The DDR holds when the geodesic
deviation equation is valid, photons follow null geodesic,
and the number of photon is conserved (Ellis 2007).
Thus, the possibilities of the DDR violation are: evi-
dence for a non-metric theory of gravity in which pho-
tons do not follow null geodesic, and non-conservation
of the number of photons. If one considers that the
photon traveling along null geodesic is more fundamen-
tal and unassailable, the violation of DDR most likely
implies non-conservation of the photon number, which
can be related to presence of some opacity source (grav-
itational lensing and dust extinction) and non-standard
exotic physics (Bassett & Kunz 2004; Corasaniti 2006).
Therefore, it is rewarding to explore the DDR to test
the validity of photon conservation and related phenom-
ena. In this case, the flux received by the observer will
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be reduced by a factor eτ(z)/2, and observed luminosity
distance can be obtained by
DL,obs = DL,true · e
τ/2 , (2)
where τ is the opacity parameter which denotes the op-
tical depth associated to the cosmic absorption. Testing
this quality with high accuracy can also provide a pow-
erful probe of the transparency of the Universe.
Several tests have been proposed in the past years as-
suming a opaque universe. The original idea of studying
the cosmic opacity in the framework of a flat ΛCDM
model can be traced back to More et al. (2009), which
examined the difference of the opacity parameter at red-
shifts z = 0.20 and z = 0.35, from two sub-samples
of ESSENCE SNe Ia (Davis et al. 2007) and the corre-
sponding distance measurements of BAO as a standard
ruler in the radial direction (Percival et al. 2007). Fur-
ther papers have also used the measurements of the cos-
mic expansion H(z) from cosmic chronometers to place
constraints on the matter density parameter Ωm, and
investigated the cosmic opacity in flat ΛCDM model
(Avgoustidis et al. 2010). While comparing the results
from the luminosity distance with those obtained from
the Union SNe compilation data (Kowalski et al. 2008),
differences in central values of the best-fit cosmic opac-
ity parameters were also reported: ∆τ < 0.012 (95% C.
L.) for the redshift range between 0.2 and 0.35. How-
ever, it should be noted that all these studies con-
cerning the cosmic opacity are still model-dependent.
By means of astronomical observations, Holanda et al.
(2012) proposed a model-independent estimate of DL
which are obtained from a numerical integration of H(z)
data and then confronted with the observed one from
SNe Ia observations. Such methodology was then ex-
tended with three model-independent methods, which
used SNe Ia data to get the luminosity distances at the
redshifts corresponding to H(z) data through interpo-
lation method, smoothing method and nearby SNe Ia
method (Liao et al. 2013). A better way to observation-
ally test the cosmic opacity is via independent measure-
ments of intrinsic luminosities and sizes of the same ob-
ject, without using a specific cosmological model. It is
well known that type Ia supernovae are the ideal tool to
estimate the luminosity distances, while the angular di-
ameter distances are derived from various astrophysical
probes including the Sunyaev-Zeldovich effect together
with x-ray emission of galaxy clusters (De Filippis et al.
2005; Bonamente et al. 2006; Cao et al. 2016b), as well
as the gas mass fraction in galaxy clusters (Allen et al.
2008). For instance, the analysis performed by Li et al.
(2013) has revealed that a transparent universe is ruled
out by the Bonamente et al. (2006) sample at 68.3% con-
fidence level (C.L.), which demonstrated the importance
of considering the dimming effect of the largest Union2.1
SNe Ia sample (Suzuki et al. 2012). However, given the
limited sample size of current ADD measurements, one
has to take care of the errors due to the mismatch be-
tween the ADD redshift and the closest SNe Ia in the
companion SNe Ia sample adopted. In addition, other
attempts focused on the gravitational wave signal from
inspiraling binary system to determine the absolute value
of their luminosity distances in the redshift range of
0 < z < 5.0. More importantly, in the framework of
FLRW metric, GWs propagate freely through a perfect
fluid without any absorption and dissipation. Therefore,
when confronting the luminosity distance derived from
SNe Ia with that directly measured from GW sources,
one may naturally propose a scheme to investigate the
opacity of the Universe. Such original proposal, based
on the simulated data of gravitational waves from the
third-generation gravitational wave detector (the Ein-
stein Telescope, ET), has been extensively discussed in
the recent works of Qi et al. (2019b); Wei (2019). The
result – first prediction of the comic-opacity measure-
ment using GWs – confirmed the accurate constraints on
the cosmic opacity. However, in order to place stringent
constraints on the cosmic opacity, we need the DL(z)
measurements both from SNe Ia and GW at the same
redshift. Therefore, the redshift mismatch between the
GW events and the SNe Ia sample, due to the so-called
“redshift desert” problem still remains challenging with
respect to the exploration of the cosmic opacity.
Due to astrophysical complications and instrumental
limitations, it is difficult to observe both the luminos-
ity distance and the angular diameter distance of the
same source simultaneously. In this context, it is clear
that collection of more complete observational data con-
cerning the multiple measurements of the same type of
astrophysical probe does play a crucial role. In this
paper, we focus on the combination of current and fu-
ture measurements of type Ia supernova sample and
galactic-scale strong gravitational lensing systems with
SNe Ia acting as background sources. More specifically,
a completely model independent approach will be used
to constrain cosmic opacity using the time-delay obser-
vations of strong gravitational lensing systems as stan-
dard rulers. Based on a reliable knowledge about the
lensing system, i.e., the Einstein radius (from image as-
trometry) and stellar velocity dispersion (form central
velocity dispersion obtained from spectroscopy), one can
use it to derive the information of ADDs (Grillo et al.
2008; Biesiada, Pio´rkowska, & Malec 2010; Cao & Zhu
2012; Cao, Covone & Zhu 2012; Cao et al. 2012, 2013;
Li et al. 2016; Cao et al. 2017a; Ma et al. 2019), test the
weak-field metric on kiloparsec scales (Cao et al. 2015;
Collett et al. 2018), and probe the distance duality re-
lation in a cosmological model independent approach
(Liao et al. 2016; Yang et al. 2019). In addition, mul-
tiple images of the lensed variable sources take different
time to complete their travel and the time delay is a
function of the Fermat potential difference, and three
angular diameter distances between the observer, lens,
and source (Treu et al. 2010). Therefore, strong-lensing
time delays between multiple images (∆t) can be used
to derive the the so-called time-delay distance (D∆t) un-
affected by the cosmic opacity. It is of interest to note
that time delay between the images of strongly lensed
SNe Ia provide a laboratory to probe such possibility
(Refsdal 1964). More specifically, due to exceptionally
well-characterized spectral sequences and relatively small
variation in quickly evolving light curve shapes and color
(Nugent et al. 2002; Pereira et al. 2013), strongly lensed
SNe Ia (SLSNe Ia) have notable advantages over tradi-
tional strong lenses as time-delay indicators (AGNs and
quasars). Recently, the measurements of time delay dis-
tance between multiple images of lensed SNe Ia have
become an effective probe in cosmology, which opens a
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possibility to test the speed of light on the baseline up
to the redshift of the source (Cao et al. 2018), as well
the validity of the FLRW metric (Qi et al. 2019a). It
is well known that the discovery of a new gravitation-
ally lensed type Ia supernova (SNe Ia) iPTF16geu (SN
2016geu) from the intermediate Palomar Transient Fac-
tory (iPTF) has opened up a wide range of possibili-
ties of using strong lensing systems in cosmology and
astrophysics (Goobar et al. 2017). Strong lensing time-
delay predictions for this system were discussed in de-
tail in More et al. (2017). Focusing on the forthcom-
ing Large Synoptic Survey Telescope (LSST) survey,
Goldstein & Nugent (2017) have made a detailed cal-
culation of the lensing rate caused by lensing galaxies,
with the final results showing that at its design sensi-
tivity LSST would register about 650 multiply imaged
SNe Ia in a 10 year z-band search. The purpose of our
analysis is to show how the significantly improved mea-
surements of galactic-scale strong gravitational lensing
systems with SNe Ia acting as background sources can
be used to probe the opacity of the Universe.
In order to compare our results with the previous
one of Li et al. (2013); Liao et al. (2013), in our analy-
sis we consider two particular parameterizations of phe-
nomenological τ(z) dependence: (i) τ(z) = 2βz; (ii)
τ(z) = (1 + z)2β − 1 to describe the optical depth asso-
ciated to the cosmic absorption. This paper is organized
as follows. We introduce the methodology in Section 2,
while the current SNe Ia data and simulated SLSNe Ia
data used in our work are presented in Section 3. The
statistical method and constraint results on cosmic opac-
ity parameters are illustrated in Section 4. Finally, we
summarize our main conclusions and make a discussion
in Section 5.
2. METHODOLOGY
In order to measure the luminosity distance, we always
turn to luminous sources of known (or standardizable)
intrinsic luminosity in the Universe, such as SNe Ia in
the role of standard candles. However, it should be em-
phasized that the cosmic absorption could affect the lu-
minosity distance measurements of SNe Ia observations
as shown in Eq. (2). More specifically, if the universe
is opaque, the flux from SNe Ia received by the observer
will be reduced, and a straightforward solution is to char-
acterize this effect with a factor e−τ(z), where τ(z) is the
optical depth related to the cosmic absorption. From
this point of view, from the information of the luminos-
ity distance for each SNe Ia provided by the current and
future SNe Ia surveys, one can be directly derive the cor-
responding luminosity distance in an opaque Universe,
which can be finally used to test the transparency of the
Universe.
On the other hand, in this paper, the angular di-
ameter distances are obtained from SLSNe Ia observa-
tions in a cosmological-model independent way. As one
of the successful predictions of general relativity in the
past decades, strong gravitational lensing has become
a very important astrophysical tool (Walsh et al. 1979;
Young et al. 1981), allowing us to use lensing galaxies
with distorted multiple images of the background sources
to act as time-delay indicators (Suyu et al. 2013, 2014).
For a specific strong-lensing system with the lensing
galaxy at redshift zl and lensed SNe Ia at redshift zs,
the angular diameter distance in a spatially at FLRW
universe
DA(z1, z2) =
czs
H0(1 + z2)
∫ z2
z1
dz′
E(z′)
, (3)
can be directly derived from the so-called time delay dis-
tance
D∆t =
DlDs
Dls
. (4)
where Dls and Ds are angular diameter distances be-
tween the lens and the source and between the observer
and the source. Here E(z) is the dimensionless Hubble
parameter and H0 is the Hubble constant. The light
from each image in a lensing system takes a different
path through the lens before reaching the observer. If
the lensed object is a variable source, the images vary
asynchronously with a geometrical time delay based on
these path differences. Considering the fact that the
background source SNe Ia is a transient event with well
defined light curve after peak, strong gravitational time
delays between the multiple images will be revealed in the
photometry, due to different light paths combined with
the well-known Shapiro effect (Schneider et al. 1992).
More specifically, the time delay distance D∆t and the
lensing system observations can be linked by the follow-
ing formula
∆ti,j =
D∆t(1 + zl)
czs
∆φi,j , (5)
where ∆ti,j is the time delay between images of the
lensed source obtained from lensed SNe Ia, and ∆φi,j is
the Fermat potential difference between image positions
∆φi,j = [(θi−β)
2/2−ψ(θi)− (θj −β)
2/2+ψ(θj)] (6)
where θi and θj represent the position of images of the
lensed source, β is the source position and ψ denotes two-
dimensional lensing potential related to the mass distri-
bution of the lens. Therefore, the unaffected time-delay
distance can be precisely derived from the observations
of strongly lensed SNe Ia. In actual calculations, given
the relation between the angular diameter distance DA
to the proper distance DP in the flat FLRW metric, the
distance ratio of Dls/Ds can be expressed in terms of
angular diameter distances Dl and Ds
Dls
Ds
= 1−
1 + zl
1 + zs
Dl
Ds
(7)
Now, considering the DDR with the following form used
in our analysis and in the literature (Li et al. 2013;
Liao et al. 2013)
DA =
DL,obs
(1 + z)2
e−τ/2, (8)
the observational counterpart of the time-delay distance
with the cosmic opacity τ can be determined from the
angular diameter distances Dl and Ds by fitting to un-
lensed SNe Ia. We will use the current observations of
the Pantheon sample consisting of 1048 unlensed SN
Ia (Scolnic et al. 2018), as well as the simulated un-
lensed and lensed SNe Ia data from LSST to test, model-
independently, the possible violation of the DDR, which
can be translated to possible existence of cosmic opacity.
4 Ma et al.
δ∆t δ∆t(ML) δ∆ψ δ∆ψ(LOS)
SLSNe Ia 1% Pierel & Rodney (2019) 3% 1%
σmean σint σlens σsys
SNe Ia 0.08 mag 0.09 mag 0.07z mag 0.01(1 + z)/1.8 mag
Table 1
The relative/ absolute uncertainties of factors contributing to the distance measurements for the lensed and unlensed SNe Ia sample.
δ∆t(ML) and δLOS correspond to macrolensing effect and and light-of-sight contamination, respectively.
3. OBSERVATIONS AND SIMULATIONS
In the following, we describe the data sets that we will
use in the present analysis.
3.1. Current observations of unlensed SNe Ia
First of all, for the current observations of SNe Ia, we
use the recent Pantheon compilation of 1048 SNe Ia re-
leased by the Pan-STARRS1 (PS1) Medium Deep Sur-
vey (Scolnic et al. 2018). Covering the redshift range
0.01 < z < 2.3, the observed distance modulus of each
SNe is given by
µSN=mB + α ·X1 − β · C −MB, (9)
where mB is the rest frame B -band peak magnitude,
MB is the absolute B -band magnitude, X1 and C de-
scribe the time stretch of light curve and the supernova
color at maximum brightness, respectively. Note that
mB, X1, and C can be obtained from the observed SNe
light-curves, while there are always three nuisance pa-
rameters (α, β, andMB) to be fitted in the distance esti-
mate. To dodge this problem, based on the approach pro-
posed by Marriner et al. (2011) and including extensive
simulations for correcting the SALT2 light curve fitter,
Kessler & Scolnic (2017) proposed a new method called
BEAMS with Bias Corrections (BBC) to calibrated each
SNe Ia. Therefore, for the Pantheon sample, the stretch-
luminosity parameter α and the color-luminosity pa-
rameter β is calibrated to zero, and the observed dis-
tance modulus is simply reduced to µSN = mB − MB
(Scolnic et al. 2018). Therefore, for each SNe Ia, the lu-
minosity distances DL(z) considering the possible effect
of cosmic opacity can be calculated from the definition
of
DL(z) = 10
(mB−MB)/5−5(Mpc). (10)
which will be used to provide the measurement of the
opacity-dependent luminosity distance. Please refer to
Scolnic et al. (2018) for detailed information of the Pan-
theon SNe Ia sample, which has been widely applied to
place stringent constraints on the cosmological parame-
ters (Qi et al. 2018, 2019b).
3.2. Simulated data of lensed and unlensed SNe Ia
Following the recent detailed calculation of the
likely yields of several planned strong lensing surveys
based on realistic simulation of lenses and sources
(Goldstein & Nugent 2017), it was predicted that ∼ 930
SLSNe Ia will be discovered by the Large Synoptic Sur-
vey Telescope (LSST) over its 10 year survey, with 70%
of the SLSNe Ia having time delays that can be mea-
sured precisely. Therefore, LSST can increase the de-
tection of lensed SNe Ia by an order of magnitude and
yield 650 multiply imaged SNe Ia in a 10 year z-band
search. Moreover, it was reveled that 106 unlensed type-
Ia supernovae candidates are expected to be identified
in cadenced, wide-field optical imaging surveys includ-
ing LSST (Cullan et al. 2017). Next we simulate a set of
SLSNe Ia/SNe Ia events. The standard ΛCDM model is
taken as our transparent cosmological model with fidu-
cial values Ωm = 0.308, H0 = 67.8 km/s/Mpc from the
current Planck 2015 data (Ade et al. 2015).
For the strongly lensed SNe Ia, we carry out a Monte
Carlo simulation of the lens and source populations to
forecast the yields of multiply imaged SNe Ia for LSST.
The specific steps to simulate the mock data are listed
as follows, which is similar with that used in Cao et al.
(2018):
I. In this analysis, we consider only the strong grav-
itational lensing of SNe Ia by early-type galaxies, the
velocity distribution of which is modeled as a modified
Schechter function with parameters from the SDSS DR3
data (Choi et al. 2007)
dn
dσ
= n∗
(
σ
σ∗
)α
exp
[
−
(
σ
σ∗
)β]
β
Γ(α/β)
1
σ
, (11)
where α is the low-velocity power-law index, β is the
high-velocity exponential cut-off index, n∗ is the inte-
grated number density of galaxies, and σ∗ is the char-
acteristic velocity dispersion. Such function also quan-
tifies the sampling distribution (redshift distribution) of
the galactic-scale lenses. We model the mass distribu-
tion of the lens galaxies as a singular isothermal ellipsoid
(SIE), which is accurate enough as first-order approxima-
tions to the mean properties of galaxies relevant to sta-
tistical lensing (Koopmans et al. 2009; More et al. 2016;
Cao et al. 2016a). In this model, the Einstein radius is
given by
θE = λ(e)4pi
(σ
c
)2 Dls
Ds
(12)
where σ is the velocity dispersion of the lens galaxy, and
e is its ellipticity. In our fiducial model, the three di-
mensional shapes of lens galaxies are characterized in
the combination of two equal number of extreme case
(Chae 2003), while the so-called “dynamical normaliza-
tion” Λ(e) is related to the lens ellipticity, the distribu-
tion of which is modeled as a Gaussian distribution with
e = 0.3 ± 0.16 (Oguri et al. 2008). Using the simula-
tion programs publicly available (Collett 2015), we ob-
tain a population of strong lensing systems on the base
of realistic population models. The population of strong
lenses is dominated by galaxies with velocity dispersion
of σ0 = 210 ± 50 km/s, while the lens redshift distribu-
tion is well approximated by a Gaussian distribution with
mean zl = 0.80. These results are well consistent with
what the LSST survey might yield in the future (Collett
2015). The redshift distribution of the multiply imaged
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SNe Ia takes the form of Goldstein & Nugent (2017),
which furthermore constituted the differential rates of
lensed SNe Ia events as a function of source redshift zs in
a 10 year LSST z-band search. In each simulation, there
are 650 type Ia supernova covering the redshift range of
0 < zs < 1.70. The source position is randomly sampled
within the Einstein radius (θE) at the source plane.
II. We derive the time delays for each system from
Eqs. (5)-(6), which depend on the measurements of red-
shifts, lens velocity dispersion, Fermat potential differ-
ence between two image positions and the relative source
position on the source plane. For each SNeIa-galaxy lens-
ing system, the redshifts of the lens zl and the source
zs can be precisely measured at the current observa-
tional level, while three key ingredients (stellar veloc-
ity dispersion, high-resolution images of the lensing sys-
tems, and time delays) can be derived concerning the
imaging and spectroscopy from the Hubble Space Tele-
scope (HST) and ground-based observatories. On the
one hand, benefit from the state-of-the-art lens mod-
elling techniques (Suyu et al. 2010, 2012) and kinematic
modelling methods (Auger et al. 2010; Sonnenfeld et al.
2012), one can place stringent limits on the image posi-
tions, the source position, and the Einstein radius from
current high-resolution image astrometry.
III. On the other hand, concerning the strategy of
error estimation, three sources of uncertainties are in-
cluded in our simulation. Firstly, due to exceptionally
well-characterized spectral sequences and considerable
variation in light curve morphology (Nugent et al. 2002;
Pereira et al. 2013), the time delay between each im-
age can be precisely measured from the time-domain in-
formation observed by dedicated monitoring campaigns.
More interestingly, SLSNe Ia time delays can be obtained
in a single observing season, since the light curves have
a strong peak before they decay, occurring over a time-
scale of several weeks (Foxley-Marrable et al. 2018). In
the framework of a typical SNe Ia-elliptical galaxy lens-
ing systems, the fractional uncertainty of ∆t is expected
to be determined at the level of 1%, which is supported
by the recent analysis by the strong lens time delay chal-
lenge (TDC) (Liao et al. 2015b; Dobler et al. 2015). Sec-
ondly, despite of these advantages, lensed SNe Ia still face
the problem due to the effect of microlensing by stars in
the lens galaxy. More progress has been made to discuss
this important issue (Goldstein & Nugent 2017), which
indicated that the absolute time delay error due to mi-
crolensing is unbiased at the sub-percent level. Following
the quantitative analysis made by Foxley-Marrable et al.
(2018), in the framework of the Salpeter IMF, only 22%
of the 650 SLSNe Ia discovered by LSST will be standard-
isable due to the microlensing effects. Lensed images are
standardisable in regions of low convergence, shear and
stellar density (especially the outer image of an asym-
metric double for lenses with large θE). Therefore, in
our simulations we have simulated two mock SLSNe Ia
catalogue, 150 standardisable SLSNe Ia without consid-
ering the microlensing effects and 500 nonstandardisable
SLSNe Ia with the microlensing effect. More specifi-
cally, we use an open-source software package for simu-
lations and time delay measurements of multiply imaged
SNe, including an improved characterization of the un-
certainty ∆t caused by microlensing (Pierel & Rodney
2019). Secondly, in a system with the lensed SNe Ia
image quality typical to the HST observations, the re-
covery of the relevant parameters with state-of-the-art
lens modelling techniques (Suyu et al. 2010, 2012) make
it possible to precisely determine the lens potential.
More specifically, for a single well-measured time-delay
lens system, the fractional uncertainty of Fermat po-
tential difference (∆φi,j) is expected to be determined
at the level of 3% (Suyu et al. 2013, 2014; Liao et al.
2015b). Finally, we also include 1% uncertainty in the
lens potential to account for the influence of the matter
along the line of sight (LOS) on strong lensing systems
(Jaroszyn´ski, et al. 2012), consistent with the recent re-
sults of reconstructing the mass along a line of sight up
to intermediate redshifts (Collett et al. 2013).
Let us briefly describe how we simulate the unlensed
SNe Ia sample. Type Ia supernovae (SNe Ia) are particu-
larly interesting sources because of their nature acting as
standard candles. These explosions have nearly identi-
cal peak luminosity, which makes them excellent distance
indicators in cosmology (Cao & Zhu 2014) providing the
luminosity distances DL(z) both at lens and source red-
shifts:
DL(z) = 10
(mX−MB−KBX)/5−5(Mpc). (13)
where mX is the peak apparent magnitude of the su-
pernova in filter X , MB is its rest-frame B-band ab-
solute magnitude, and KBX denotes the cross-filter K-
correction (Kim et al. 1996). In the catalog of lensed
SNe Ia candidates, we have assumed an intrinsic disper-
sion in rest-frame absolute magnitudeMB = −19.3±0.2,
with the cross-filter K-corrections derived from the one-
component SNe Ia spectral template (Nugent et al. 2002;
Barbary 2014). The redshift distribution of the SNe Ia
population takes the form of the redshift-dependent SNe
Ia rate (Sullivan et al. 2000), which constitutes the sam-
pling distribution (number density) of the SNe Ia popu-
lation. In each simulation, we simulate a set of 105 un-
lensed type-Ia supernovae covering the redshift range of
0.0 < z ≤ 1.7 5. To each SNe Ia in the sample, following
the strategy described by the WFIRST Science Defini-
tion Team (SDT) (Spergel et al. 2015), we estimate the
total error on the apparent magnitude of the supernova
as (Hounsell et al. 2017)
σ2mX = σ
2
mean + σ
2
int + σ
2
lens + σ
2
sys (14)
where the mean uncertainty is modeled as σmeas = 0.08
mag, including both statistical measurement uncertainty
and statistical model uncertainty. The intrinsic scatter
uncertainty can be estimated with σint = 0.09 mag. An-
other error to be considered is σlens due to the effect
of weak lensing, and we assume σlens = 0.07 × z mag
(Holz & Hughes 2005; Jo¨nsson et al. 2010). Finally, the
systematic uncertainty is also considered in the SN Ia
distances, which is parameterized as σsys = 0.01(1 +
z)/1.8 (mag) (Hounsell et al. 2017). Denoting with mX
the predicted value from our fiducial cosmological model,
we then assign to each SNe, a distance modulus randomly
generated from a Gaussian distribution centered on mX
5 Depending on the survey strategy, LSST is expected to yield
106 type Ia supernova. However, our results show that the impact
of redshift mismatch is negligible with 105 measurements of un-
lensed SNe Ia, i.e., the resulting constraints will not change with
the number of unlensed SNe Ia.
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and variance σmX from Eq. (12) above. A more detailed
strategy to forecast the precision on the distance mod-
ulus determination from the SNe light curve has been
described in Cao et al. (2018).
In Table I we list the relative or absolute uncertain-
ties of the above mentioned factors contributing to the
distance measurements. The above simulation process is
repeated 103 times, in order to guarantee unbiased final
results.
4. RESULTS AND DISCUSSION
It should be emphasized that the distance modulus of
the unlensed SNe Ia could provide the opacity-dependent
time-delay distances through Eqs. (7)-(8). In order to
avoid any bias of redshift differences between unlensed
and lensed SNe Ia, one cosmological model-independent
method is considered to associate the redshifts of un-
lensed SNe Ia and lensed SNe Ia with the redshits of
the lens and source of observed from SGL systems:
|zSNe− zs| < 0.005 and |zSNe− zl| < 0.005. We perform
Markov Chain Monte Carlo (MCMC) minimizations to
determine the cosmic-opacity parameter (τ), by minimiz-
ing the χ2 objective function defined as
χ2 =
i∑
1
Dlens∆t,i(zl,i, zs,i)−D
unlens
∆t,i (zl,i, zs,i; τ)
2
σ2i,lens + σ
2
i,unlens
(15)
where Dlens∆t,i is the time delay distance calculated from
the ith strongly lensed SNe Ia (with the statistical un-
certainty σi,lens), while D
unlens
∆t,i is the corresponding dis-
tance inferred from the unlensed SNe Ia observations
(with the total uncertainty σi,unlens).
In order to place constraints on the cosmic opacity pa-
rameter τ , it is convenient to phenomenologically param-
eterize this quantity with two monotonically increasing
functions of redshift,
P1. τ(z)=2βz, (16)
P2. τ(z)= (1 + z)2β − 1.
These two parameterizations, which have been widely
adopted in the literature (Li et al. 2013; Liao et al. 2013)
are basically similar for z ≪ 1 but could differ when z is
not very small. One should expect the likelihood of β to
peak at β = 0, if it is consistent with photon conserva-
tion and there is no visible violation of the transparency
of the Universe. Furthermore, we also add a prior about
the lower limit of the cosmic opacity β > −0.25, given by
the current observation of Hubble parameter (H(z)), the
Sunyaev-Zeldovich effect together with x-ray emission of
galaxy clusters, as well as different catalog of SNe Ia sam-
ple (Li et al. 2013; Liao et al. 2013, 2015a). The graphic
representations and numerical results of the probability
distribution of the opacity parameter β constrained from
the model-independent tests are shown in Fig. 1-4 and
Table II.
To get the time delay distance calculated from the
unlensed SNe Ia observations, we firstly turn to the re-
cent Pantheon compilation by Scolnic et al. (2018) that
contains 1048 SNe Ia detected by the Pan-STARRS1
(PS1) Medium Deep Survey. Combining these SNe Ia
data with the measurements of time delay distances from
lensed SNe Ia systems, for the first τ(z) parametrization
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Figure 1. The two-dimensional distributions of cosmic opacity
parameter β and SNe Ia nuisance parameters (MB) constrained
from the Pantheon sample in the P1 function.
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Figure 2. The two-dimensional distributions of cosmic opacity
parameter β and SNe Ia nuisance parameters (MB) constrained
from the Pantheon sample in the P2 function.
we obtain β < 0.020 and β < −0.154 (at 68.3% con-
fidence level) for 150 standardisable SLSNe Ia without
considering the microlensing effects, 500 nonstandardis-
able SLSNe Ia with the effect of microlensing. For the full
sample including 650 SLSNe Ia, the parameter β captur-
ing the transparency of the Universe seems to be vanish-
ing: β < −0.193 for P1 function. Working on the second
τ(z) parametrization, the best-fit values are β < 0.215
and β < −0.068 for the two sub-samples respectively
including 150 standardisable SLSNe Ia without consid-
ering the microlensing effects and 500 nonstandardisable
SLSNe Ia with the effect of microlensing. Focusing on
the full sample of strongly lensed SNe Ia observed by
LSST, more stringent constraints on the cosmic opacity
will be derived: β < −0.145. Interestingly, our findings
shown in Fig. 4 illustrates the strong degeneracy between
β and MB, i.e., a lower absolute B-band magnitude of
SNe Ia will lead to a larger value of the cosmic opacity.
Such tendency, which confirms that the cosmic opacity
parameter is not independent of the SNe Ia nuisance pa-
rameters, has also been noted and extensively discussed
in the previous works (Qi et al. 2019b). Our analysis re-
sults are consistent with zero cosmic opacity within 2σ
confidence level, which indicates that there is no signifi-
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Data Cosmic opacity (P1) Cosmic opacity (P2)
SLSNe Ia (LSST; with ML)+ SNe Ia (Pantheon) β < 0.020 β < 0.215
SLSNe Ia (LSST; without ML)+ SNe Ia (Pantheon) β < −0.154 β < −0.068
SLSNe Ia (LSST)+ SNe Ia (Pantheon) β < −0.193 β < −0.145
SLSNe Ia (LSST; with ML) + SNe Ia (LSST) ∆β = 0.075 ∆β = 0.130
SLSNe Ia (LSST; without ML) + SNe Ia (LSST) ∆β = 0.031 ∆β = 0.085
SLSNe Ia (LSST) + SNe Ia (LSST) ∆β = 0.027 ∆β = 0.082
Union2.1 + Cluster (Li et al. 2013) β = 0.009± 0.057 β = 0.014± 0.070
Union2.1 + H(z) (Liao et al. 2013) β = −0.01± 0.10 β = −0.01± 0.12
JLA + H(z) (Liao et al. 2015a) β = 0.07± 0.114 ✷
Table 2
Summary of the best-fit value for the cosmic opacity parameter obtained from different combined observations. The Pantheon sample and
simulated SNe Ia sample are respectively combined with strongly lensed SNe Ia in a 10-year z-band LSST search.
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Figure 3. Probability distribution functions of opacity parameter
β obtained from future observations of SLSNe Ia in the forthcoming
LSST survey, for the first parametrization τ(z) = 2βz. We simulate
650 SLSNe Ia: 22% of them would be standarizable, the rest of
them would be affected by microlensing effects.
cant deviation from the transparency of the Universe at
the current observational data level. However, an issue
which needs clarification is the cosmological implication
of the combination of the current Pantheon compilation
and the simulated SLSNe Ia sample. On the one hand, in
order to study the systematics and scatter in our method,
we perform the diagnostics of residuals and plot the rela-
tive residuals (Dobs∆t −D
th
∆t)/D
obs as a function of β. Our
results show that there exist two different value for the
cosmic opacity parameter, β = 0 and β < 0, in order to
achieve well consistency between the observational time
delays and their theoretical counterparts. Therefore, our
constraints on the cosmic opacity could be biased such
possibility. On the other hand, in the framework of the
current Pantheon compilation, concerning the strict ac-
ceptable redshift difference between the unlensed SNe Ia
and the SGL system (for both the lens and source), only
a limited number of SLSNe Ia can be used to investigate
the opacity of the Universe in our cosmological-model-
independent method. Therefore, in order to draw firm
and robust conclusions, one still need to minimize un-
certainties by increasing the depth and quality of ob-
servational unlensed SNe Ia data. Earlier discussions of
this issue can be found in Cao & Zhu (2014); Cao et al.
(2018); Liu et al. (2019).
In order to investigate the potential of future SNe
Ia+SLSNe Ia to constrain the cosmic opacity, we also de-
rive the testing results from simulated SNe Ia and SLSNe
Ia data in Table II. The simulated dataset (assuming a
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Figure 4. The same as Fig. 1, but for the second parametrization
τ(z) = (1 + z)2β − 1.
LSST-like survey) are input to the same fitting procedure
analysis we have used for the present day data. We start
our analysis with the first τ(z) parametrization modeled
by τ(z) = 2βz, and consider two different SLSNe Ia cat-
alogue: 150 standardisable SLSNe Ia without consider-
ing the microlensing effects and 500 nonstandardisable
LSNe Ia with the effect of microlensing. For P1 func-
tion, the forecasts for the LSST survey is: using only
standardizable SLSNe Ia we are able to constrain the
β parameter at the precision of ∆β = 0.075. The re-
maining 78% corrected for the microlensing effect, give
∆β = 0.031. Finally, the full sample of 650 lensed SNe
Ia will improve the constraint to ∆β = 0.027, if the
distance measurements from unlensed counterparts are
available. The results are illustrated in Fig. 1. Such a
measurement therefore provides a stringent test of the
β parameter, and can be confidently used to place con-
straints on the cosmic opacity in an opaque Universe.
Meanwhile, it is also worth investigating how the con-
straints depend on the assumed τ(z) parameterization.
For the P2 parametrization, the results derived from dif-
ferent lensed SNe Ia sample and are shown in Fig. 3 and
Table II. Working on the 150 standardisable SLSNe Ia
without considering the microlensing effect, we obtain
that the opacity of the Universe could be estimated with
the precision of ∆β = 0.130 for P2 function. For the
SLSNe Ia samples including microlensing effect, the test
results suggest that the parameter β capturing the trans-
parency of the Universe can be constrained with obser-
vations at the accuracy of ∆β = 0.085. Turning to the
full sample of strongly lensed SNe Ia observed by LSST,
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the resulting constraint on the cosmic opacity become
∆β = 0.082. The posterior probability density for the β
parameter is shown in Fig. 4. From this plot it is evident
that much more severe constraints would be achieved,
and one can expect β to be estimated with a ∆β ∼ 10−2
precision. The results suggest that the tests of cosmic
opacity are not significantly sensitive to the parametriza-
tion for τ(z). This is the most unambiguous result of the
current datasets.
It is interesting to compare our results with the previ-
ous analysis performed to test the cosmic opacity with ac-
tual tests involving the angular diameter distances from
various astrophysical probes. In Li et al. (2013) the au-
thors combined the two galaxy cluster samples with lu-
minosity distances from the Union2.1 type Ia supernova.
Other analysis were also performed in Liao et al. (2013),
by fitting the luminosity distance of SNe Ia to the ob-
servational Hubble parameter data. Three cosmological
model-independent methods (nearby SNe Ia method, in-
terpolation method and smoothing method) were con-
sidered to reconstruct the opacity-free luminosity dis-
tances and associate the redshifts of SNe Ia and H(z),
with the final results that an almost transparent universe
is favored. Such methodology was further extended by
Liao et al. (2015a), in which type Ia supernovae obser-
vations were considered with variable light-curve fitting
parameters. The recent determinations of the cosmic-
opacity parameters from different independent cosmolog-
ical observations are also listed in Table II. By compar-
ing the results at 1σ, we obtain error bars comparable
or much smaller than that derived in the previous works
when the P1 and P2 functions are considered, regard-
less the morphological models of galaxy clusters (Li et al.
2013), the reconstruction methods of observational Hub-
ble parameters (Liao et al. 2013, 2015a). Therefore, the
combination of strongly lensed and unlensed SNe Ia may
achieve comparable or higher precision of the measure-
ments of cosmic opacity than the other popular astro-
physical probes.
5. CONCLUSIONS AND DISCUSSION
In this paper, we have discussed a new model-
independent cosmological test for the opacity of the Uni-
verse, with the combination of the current/future mea-
surements of type Ia supernova sample and galactic-
scale strong gravitational lensing systems with SNe Ia
acting as background sources. For the luminosity dis-
tance DL possibly affected by the cosmic opacity, we
consider the current newly-compiled SNe Ia data (Pan-
theon sample) and simulated sample of SNe Ia observed
by the forthcoming LSST survey, while the observed
time-delay distance D∆t unaffected by the cosmic opac-
ity are derived from 650 strongly lensed SNe Ia observa-
tions in LSST. Two parameterizations, τ(z) = 2βz and
τ(z) = (1 + z)2β − 1 are adopted for the optical depth
associated to the cosmic absorption.
To start with, we turn to the recent Pantheon compi-
lation by Scolnic et al. (2018) that contains 1048 SNe Ia,
all detected by the Pan-STARRS1 (PS1) Medium Deep
Survey. Combining these unlensed SNe ia data with 650
strongly lensed SNe Ia observed by the LSST in 10 year
z-band search, our analysis results are consistent with
zero cosmic opacity within 2σ confidence level, which in-
dicates that there is no significant deviation from the
−0.06 −0.04 −0.02 0.00 0.02 0.04 0.06
β
QSO
QSO + SNe
Figure 5. Probability distribution of the opacity parameter β
possible to obtain with lensed quasars, as well as the combination
of lensed SNe Ia and lensed quasars (for the first parametrization
τ(z) = 2βz).
transparency of the Universe at the current observational
data level. Moreover, although the tests of cosmic opac-
ity are not significantly sensitive to its parametrization,
a degeneracy between the cosmic opacity parameter and
the absolute B -band magnitude of SNe Ia is revealed in
this analysis. Working on more simulated unlensed SNe
Ia observed by the forthcoming LSST survey in a 10 year
LSST z-band search, our results show that the strongly
lensed SNe Ia would produce more robust constraints on
the validity of cosmic transparency (at the precision of
∆β = 10−2). Therefore, focusing on only one specific
type of standard cosmological probe, the combination of
strongly lensed and unlensed SNe Ia may achieve con-
siderably higher precision of the measurements of cos-
mic opacity than the other popular astrophysical probes.
This is the most unambiguous result of the current anal-
ysis.
There are many ways in which our methodology might
be improved. First of all, in the framework of the
Chabrier IMF, 90% lensed SNe Ia can be classified as
standard candles and insignificantly suffer less from the
microlensing effects (Foxley-Marrable et al. 2018), which
makes it possible to get more precise measurements of
the cosmic opacity from future observations of strongly
lensed SNe Ia. Secondly, we may expect more vigor-
ous and convincing constraints on the cosmic opacity
within the coming years with more precise data. On
the one hand, further progress in this direction has re-
cently been achieved by the very-long-baseline interfer-
ometry (VLBI) observations, which showed that the an-
gular diameter distances insensitive to the opacity of
the Universe can be derived from the compact struc-
ture in intermediate luminosity radio quasars (Cao et al.
2017b,c). More importantly, LSST should detected 3000
galactic-scale strong lensing systems with quasars acting
as background sources (Oguri & Marshall 2010), which,
combined with strongly lensed SNe Ia, will results in
more stringent constraints on the opacity of the Uni-
verse. The quasar simulation was carried out in the fol-
lowing way: (I) When calculating the sampling distribu-
tion (number density) of lensed quasars expected for the
baseline survey planned with LSST, we adopt the differ-
ential rate of lensed quasar events as a function of zs,
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based on the standard double power law for the quasar
luminosity function calibrated by strong lensing effects
(Oguri & Marshall 2010). (II) In each simulation, there
are 3000 lensed quasars covering the redshift range of
0.40 < z < 5.0 and 1000 data points are located in the
redshifts of 0.40 < z < 1.70. (III) Following the analy-
sis of (Suyu et al. 2013), the fractional uncertainties of
the Fermat potential difference and the time-delay mea-
surements are respectively taken at a level of 3%. An-
other 1% uncertainty of Fermat potential reconstruction
is also considered due to LOS effects. For a good com-
parison, we estimate the constraint results of the first
cosmic-opacity parametrization τ(z) = 2βz, which are
specifically shown in Fig. 5. Actually, such combination
of strongly lensed SNe Ia and quasars will enable us to get
more precise measurements at the level of ∆β = 0.017.
On the other hand, the detection of gravitational wave
(GW) source with an electromagnetic counterpart has
opened an era of gravitational wave astronomy and added
a new dimension to the multi-messenger astrophysics
(Abbott et al. 2016, 2017). Therefore, the analysis per-
formed in this paper can be extended to the GW domain,
with the combination of current and future available data
in gravitational wave (GW) and electromagnetic (EM)
domain. One interesting approach was taken in the pa-
per of Liao et al. (2017), i.e., the simultaneous detection
of strongly lensed GWs and their EM counterpart, will
improve the precision of time-delay measurements and
Fermat potential reconstruction to 0% and 0.5%, respec-
tively. In this case, future measurements of the time-
delay distances of lensed gravitational waves sources will
be more competitive than the current analysis (Cao et al.
2019).
As a final remark, the method proposed in this paper,
based on the combination of strongly lensed and unlensed
supernova Ia, will allow not only to check the foundations
of observational cosmology (a transparent universe), but
also open the way to identify completely new physics
(non-standard physics) if a statistically meaningful vio-
lation of the transparent universe is observationally ver-
ified.
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